Abstract-Deoxyribonucleic acid (DNA) origami [1] is expected to be a nanoscale functional block for Nano Electro Mechanical Systems (NEMS). It can be assembled on a substrate containing other MEMS components to realize a NEMS device in which nanostructures play an important role. We recently demonstrated a tapping mode atomic force microscopy (AFM) process that can manipulate DNA origami structures in liquid to desired positions with controlled orientations, which is a novel process that will eventually allow the constructions of complex nanostructures on substrate surfaces. The manipulation of DNA origami nanotubes with 6 nm in diameter and 400 nm in length placed on a mica substrate was executed by tapping mode AFM with 0-10 nm amplitude. The acting vertical force from the AFM tip to a DNA origami nanotube was calculated to be 25 -30 nN numerically by using Simulink software (MathWorks). Experimental results shown that ~80% samples can be successfully manipulated if the tapping mode AFM tip amplitude is 3-4 nm. 
INTRODUCTION
DNA origami attracts attention as an excellent platform to arrange various nanomaterials such as metallic nanoparticles, CNT, etc., [2] [3] [4] precisely on itself using base sequence information of the scaffold DNA. Moreover, DNA origami can bind each other with the help of hybridization of DNA strands arranged at its edges and form higher-order structures with micrometer-scale [5] . We proposed to use DNA origami as nanoscale functional building blocks and place them on MEMS to realize NEMS devices [6] . As shown in the conceptual illustration of Fig. 1 , a micrometer scale functional structure is formed on a MEMS substrate by oriented self-assembly of multiple DNA origami functionalized by nanomaterials. To accomplish this, the placement of the initial DNA origami at the desired position is an important requirement. In this paper, we present our experimental results in manipulating a DNA origami placed in a liquid at an arbitrary position on a substrate and move it to a desired position using a programmable tapping-mode AFM technique developed by our group [7, 8] .
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The atomic force microscopy (AFM) [9] has become the most popular tool for researchers in the nanoscale area. It not only can image and study the surface topography in nanoscale, but also can manipulate, assemble, and cut nano-objects. After the first demonstration by Schaefer et al., [10] and Junno et al., [11] in 1995, AFM based nanomanipulation has been widely used by many groups. Many kinds of nano-entities were manipulated or assembled into some special patterns in recent years. For example, Xi's group [12] pushed latex particles and silver nanorod on glass surface using their augmented reality based AFM by contact-mode, which could display real time changes in environment during manipulating, if a 3D force model between the tip and sample surface is used. Prior to Xi's work, Ritter et al., have also demonstrated the pushing of antimony particles on graphite surface by contact-mode and the frictional force between particles and graphite surface was extracted [13] . But. contact-mode manipulation has the drawback of wearing out the tip easily as the contact force is strong, thus, it is difficult to get clear images after manipulation, especially for DNA molecules in liquid. Hence, tapping-mode manipulation was proposed to solve this problem and was found to have higher success rate than contact-mode. In terms of tapping-mode nanomanipulation, some notable prior should be mentioned here. Requicha et al., moved the AMF tip to push a nanoparticle by decreasing the vibration setpoint, but the Z feedback was tuned off during manipulation process [14] . Liu et al., developed a new tapping-mode based nanomanipulation method which can push nanoparticles by changing amplitude setpoint, scanned area, aspect ratios of scanned area, and scanning angle [15] . However, their method would be complicated for 1D flexible nanotubes, as there is no path planning algorithms implemented. In this paper, we introduced a programmable tapping-mode method to manipulate DNA origami naotubes in liquid environment-a simple method that is efficient for soft nano-object manipulation, and implements feedback and path planning in the AFM manipulation system. We will demonstrate experimental results in this paper showing that DNA origami nanotubes were successfully manipulated in liquid by this method. The manipulating parameters were optimized by many experiments, and the qualitative and quantitative analyses were carried out to better understand the manipulating results. Section II provides the sample preparation and the manipulating method. Section III contains the experimental results and discussion.
II. MATERIAL AND METHOD

A. DNA Origami nanotube
The DNA origami nanotube used in experiment is constructed by a long single scaffold strand and many short staple strands as shown in Fig.2 . It is about 6nm x 400nm with a hexagon section, and the AFM image is shown in Fig.2(e) [16] .
The TE/Mg 2+ (20mM Tris-HCl, pH7.6, 1mM EDTA, 10mM MgCl 2 ) buffer solution containing DNA origami nanotube were deposited onto freshly cleaved mica. Imaging and manipulating were both operated by tapping mode AFM (Digital Instrument Nanoscope III a Multimode AFM (Bruker) with E scanner and Bruker DNP tip.
B. The programmable tapping-mode AFM method
As showed in Fig. 3 , the AFM tip vibrates during imaging and manipulation, but with different amplitudes. The programmable tapping-mode manipulation method is similar with tapping-mode method mentioned above. This method can plan the path and moving direction of tip, the manipulating amplitude and the velocity by program. And the manipulation process can be described as the following steps: (1) imaging the sample, (2) choosing the manipulating target, (3)setting the tip moving displacement and speed, the vibration amplitude, (4) execute the manipulation, and (5) rescan the sample again to check the manipulation result. Comparing with the contact manipulation, low-amplitude manipulation has a prime advantage: the AFM tip is intermittently knocking on the sample surface in tapping mode, the interaction force is weaker than contact mode, thus the tip and the sample can be well protected, especially for manipulating soft material in liquid and sharp tip. So, the 
programmable tapping mode AFM method is suitable for manipulating DNA origami nanotube in liquid environment.
III. RESULT AND DISCUSSION
A. Manipulation experiment
DNA origami nanotube manipulation is operated in liquid environment. For improving the successful rate of the manipulation, the parameters were optimized by many experiments. During the manipulation, one end of DNA origami nanotube is pushed with suitable speed and moving step as to control the force applied on the DNA origami by the tip, otherwise the DNA origami nanotube is easily to be cut down. Here the tip horizontal speed during manipulating was set to 500 nm/s with the tip moving step of 150 nm in one direction. The tip vibration frequency was 8.5 kHz and initial vibration amplitude was 50 nm p-p. So, the maximum vertical tip speed is 1 mm/s, it is 2000 times faster than the horizontal speed. Due to this fast vertical tip speed, manipulation can be possible even the tip amplitude is bigger than the height of DNA origami structure. The vibration amplitude was varied from 0-10 nm by lowering a tip base position to a substrate. The number of manipulation experiments were 10-12 samples at each amplitude. Figure 4 shows the AFM images of the DNA-nanotube structure before and after the manipulation. A DNA origami nanotube is manipulated at one point as shown in a, c, e, g and I by a black arrow. The manipulated results were categorized into four cases, such as deformation, removal, dissection and no change. The deformation results are demonstrated in b and d. The DNA origami nanotubes were cut down in f and h. The DNA origami nanotube disappeared on the substrate as shown in j. The manipulation results were summarized in Fig.5 .
B. Manipulation results
From Fig.5 , it was concluded that the most successful manipulation result to realize deformation was obtained at amplitude of 3-4 nm. The ratio of removal increased with amplitude decreasing to below 2nm and became maximum at zero amplitude, as the AFM tip will continue contacting the mica substrate. Contrary to our expectations, the ratio of no changing is the highest when the amplitude is bigger DNA diameter. This means that the tip passes above the DNA origami tube and failed the manipulation. As a first step to understand the manipulation results described above, the forces acting on the DNA origami nanotube was analyzed using a point-mass model of cantilever. The dynamics of cantilever in liquid environment can be described by equation (1):
where m is the mass of cantilever, c is the damping coefficient, Based on the above equations, dependency of F ts on tip amplitudes was numerically calculated under various conditions such as different amplitudes using SIMULINK as shown in Fig. 6 , which different amplitudes are obtained by changing the position of cantilever z. It was found that the F ts varies non-linearly from 25 nN to 30 nN (~20%) as the amplitude increased from 2.5 nm to 6 nm. This result will be very important to proceed the further analysis together with other information about the adhesion force between DNA origami and substrate, adhesion force between tip and DNA origami, and mechanical properties of DNA origami.
Peak force of tip-sample interaction (nN) Peak-peak amplitude of tip vibration (nm) Fig.6 : Dependency of tip-surface interaction force on peak-peak amlitude of tip vibration.
C. CONCLUSION
In this paper, we discuss the application of the programmable tapping-mode AFM method to manipulate DNA origami nanotubes in liquid environment. The experimental results demonstrated that DNA origami nanotube can be successfully manipulated if specific parameters are well-controlled. To the best of our knowledge, we show for the first time that soft nanoscale materials in a liquid solution can be successfully manipulated consistently on a substrate. We are now improving the described manipulating method and its efficiency by quantitative analyses in order to manipulate other nano entities in solution environment.
